Homojunction-structured ZnO light-emitting diodes fabricated by dressed-photon assisted annealing by K. Kitamura et al.
Appl Phys B (2012) 107:293–299
DOI 10.1007/s00340-012-4991-z
Homojunction-structured ZnO light-emitting diodes fabricated
by dressed-photon assisted annealing
K. Kitamura · T. Kawazoe · M. Ohtsu
Received: 9 March 2012 / Published online: 5 April 2012
© The Author(s) 2012. This article is published with open access at Springerlink.com
Abstract We formed a p–n homojunction by implanting
nitrogen ions, serving as a p-type dopant, into an n-type
ZnO crystal. A forward bias current was injected into the
crystal while irradiating it with light, bringing about Joule
heating which annealed the crystal and changed the spa-
tial distribution of the N-dopant concentration. This acti-
vated the N-dopant, causing its concentration distribution
to be modified in a self-organized manner so as to be suit-
able for generating dressed photons. A light-emitting diode
fabricated by this dressed-photon assisted annealing method
showed electroluminescence at room temperature. In a de-
vice fabricated by annealing under irradiation with 407 nm-
wavelength light, at a forward bias current of 20 mA, the
peak wavelength of the electroluminescence was 436 nm,
the optical output power was 6.2 µW, and the external quan-
tum efficiency was 1.1×10−4. The emission spectral profile
depended on transitions from intermediate phonon states.
1 Introduction
ZnO is a direct-transition, wide bandgap semiconductor and
is expected to be used as a material for fabricating optical de-
vices such as UV light-emitting diodes and laser diodes [1].
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In general, using a semiconductor that can form p–n junc-
tions allows straightforward fabrication of light-emitting
diodes and laser diodes [2–5]; however, this is difficult in
the case of ZnO. The reason why is that it is difficult to form
a p-type crystal because the acceptors are compensated due
to the numerous oxygen vacancies and interstitial zinc in the
ZnO crystal acting as donors [6]. Therefore, despite the nu-
merous efforts that have been made [7–13], until now there
have been very few reports of EL emission at room tempera-
ture [11, 12]. Because the radius of N ions is approximately
the same as that of oxygen ions, they are promising candi-
dates to serve as p-type dopants in ZnO [1], and N doping
by, for example, ion implantation has been examined [14].
However, the large number of lattice defects generated in
normal ion implantation cannot be removed even with ther-
mal annealing, and therefore, no p-type crystals of sufficient
quality for fabricating devices have been obtained [14].
On the other hand, according to recent research by the au-
thors, the possibility of fabricating p-type ZnO has been in-
creased by employing annealing using dressed photons [15],
a technique known as dressed-photon assisted annealing.
This annealing method has already been applied to Si, an
indirect-transition semiconductor, to realize high-efficiency
p–n homojunction-structured LEDs using bulk Si crystal
[16]. Also, processing methods based on the same principle
have been applied to organic thin-film photovoltaic devices
[17], frequency up-conversion via organic dye grains [18],
photolithography [19], and subnanometer polishing of glass
surfaces [20].
In this study, we successfully fabricated a p–n homojunc-
tion-structured LED that emits at room temperature by ap-
plying dressed-photon assisted annealing to a bulk ZnO
crystal. The principle of the annealing technique, the device
fabrication method, and the characteristics of the fabricated
devices are described in the following.
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2 Principle of dressed-photon assisted annealing
In this study, we used an n-type bulk ZnO crystal implanted
with N ions (N dopant) serving as a p-type dopant. In pre-
vious work by the authors, when a bulk Si crystal was im-
planted with boron (B) serving as a p-type dopant, the B was
readily activated to form acceptors, thus creating a p–n ho-
mojunction [16]; in the present study, however, where we
employed ZnO, the N dopant was not readily activated [6].
Therefore, first we tried to activate the N dopant.
Specifically, Joule heating brought about by a forward
bias current was used to anneal the crystal, activating the
N dopant. An overview of this principle is as follows: if a
forward bias current is applied directly after implanting the
N dopant, the N is not activated much; therefore, only elec-
trons, which are majority carriers, carry the electrical cur-
rent. Also, because no holes exist, recombination emission
does not take place either. Therefore, the p–n junction re-
mains highly resistive, and when a constant current is ap-
plied, the voltage applied across the p–n junction is high. As
a result, a high level of Joule heating occurs, diffusing the
N dopant and considerably changing the concentration dis-
tribution, causing the N dopant to be activated. Therefore,
because holes also become current carriers, the resistance
decreases. Because ZnO is a direct-bandgap semiconductor,
a part of the electrical energy is converted to spontaneous
emission optical energy through recombination of electrons
and holes, and this is radiated from the crystal. The Joule
heating drops due to this energy dissipation and the decrease
in resistance mentioned above and, therefore, the concentra-
tion distribution of the N dopant eventually reaches a steady
state. This completes the N dopant activation process.
Next, we use dressed-photon assisted annealing simul-
taneously with the activation described above. The process
can be explained as follows: a p–n homojunction is formed
in the ZnO crystal by implanting N ions; however, because
this structure is simple, the electrons and holes both ex-
hibit wide spatial distributions. Therefore, their recombina-
tion probability is low, and the emission intensity is also low.
The dressed-photon assisted process is used to increase the
emission intensity. Specifically, while applying a forward
bias current during the annealing, the crystal surface is irra-
diated with light having a low photon energy compared with
the band gap energy. This light is not absorbed in the ZnO
crystal and reaches the p–n junction in the form of exciton
polaritons. Because the N dopant present in the p–n junction
is introduced by ion implantation, its concentration distri-
bution is not homogeneous [21], and centers of localization
of electrons and holes are formed at regions of high con-
centration. Therefore, when these centers of localization are
irradiated with the above exciton polaritons, the exciton po-
laritons are localized. As a result, localized dressed photons
are generated in the vicinity of the localized exciton polari-
tons. These dressed photons can excite multimode coherent
phonons in the vicinity of the p–n junction [22], resulting in
a state where the dressed photons and phonons are coupled;
in other words, dressed-photon phonons are created. On the
other hand, because it is difficult to form centers of local-
ization in regions where the N dopant concentration is low,
dressed photons and dressed-photon phonons are not created
there.
When Joule heating is generated by the forward bias cur-
rent, the N dopant in the p–n junction is diffused; however,
at regions where dressed photons are generated by the pro-
cess described above, stimulated emission occurs, driven by
the dressed photons. Furthermore, in the p–n junction, be-
cause an electron population inversion is formed between
the conduction band and the valence band, the stimulated
emission light produced is amplified by this population in-
version. Therefore, part of the electrical energy given by the
forward bias current is efficiently converted to the stimu-
lated emission photon energy and is radiated from the crys-
tal. At the same time, spontaneously emitted light is also
radiated externally, similar to the case where activation is
performed, as described above. Therefore, the amount of
thermal energy produced in these regions is small compared
with regions where dressed photons are not generated, and
thus the N dopants are not easily diffused. As a result, at
regions where dressed photons are generated with high effi-
ciency, the concentration distribution of the N dopant hardly
changes, maintaining the high dressed-photon generation ef-
ficiency.
The electronic transitions related to the above process
will now be explained using Fig. 1. A dressed-photon
phonon is created by light irradiation, which means that
an intermediate state |Eg; el〉 ⊗ |Eex;phonon〉 represented
by the direct product of the valence band electronic state
|Eg; el〉 and the phonon excited state |Eex;phonon〉 is cre-
ated. At this time, an electron transitions from the upper state
|Eex; el〉 ⊗ |Eexthermal;phonon〉, represented by the direct
product of the conduction band electronic state |Eex; el〉 and
the phonon thermal equilibrium state |Eexthermal;phonon〉,
to the above mentioned intermediate state |Eg; el〉 ⊗ |
Eex;phonon〉, and a photon is generated by spontaneous
emission (arrow Sp in Fig. 1). Then the electron transi-
tions to the lower state |Eg; el〉⊗|Eex′ ;phonon〉 represented
by the direct product of the valence band electronic state
|Eg; el〉 and the phonon low-energy state |Eex′ ;phonon〉,
during which another photon is generated by stimulated
emission driven by a dressed photon (arrow St in Fig. 1).
As a result, because the concentration distribution of the N
dopant is maintained at regions where dressed photons are
generated with high efficiency, as described above, Joule-
heating annealing and stimulated emission proceed there,
eventually forming, in a self-organized manner, a concen-
tration distribution that is suitable for inducing the dressed-
photon assisted process with the optimum efficiency. Af-
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Fig. 1 Principle of stimulated
emission driven by a dressed




ter the annealing, the number of regions with a high ef-
ficiency of generating dressed photons is higher than that
before the annealing. Hence, considering that the sponta-
neous emission probability is proportional to the stimulated
emission probability, a light-emitting diode that efficiently
generates spontaneous emission can be fabricated by using
this dressed-photon assisted annealing process.
3 Device fabrication
In this study, we used an n-type ZnO single crystal fabri-
cated by the hydrothermal growth method [23]. The crystal
axis direction was (0001), the thickness was 500 µm, and
the electrical resistivity was 50–150  cm N2+ ions were
implanted into the crystal at an energy of 600 keV and
an ion dose density of 1.0 × 1015 cm−2. The implantation
depth was confirmed to be about 3 µm by secondary ion
mass spectrometry (SIMS). This allowed the N dopant to
be distributed in the vicinity of the crystal surface, form-
ing a p-type ZnO layer. As a result, we realized a p–n ho-
mojunction structure. Using RF sputtering, a 150 nm-thick
indium tin oxide (ITO) film was deposited on the surface
of the p-type ZnO layer, and a 5 nm-thick Cr film and a 100
nm-thick Al film were deposited on the surface of the n-type
ZnO layer to serve as electrodes. Then, the crystal was diced
to form a device with an area of about 9 mm2.
Annealing was performed by causing a forward bias cur-
rent to flow through the device to generate Joule heating. To
do so, the current was made to flow by bringing a W probe
into contact with the positive electrode and attaching a Cu
film to the negative electrode.
We fabricated the following two types of devices.
Device 1: A device fabricated by annealing with a forward
bias current alone, without light irradiation, to activate the
N dopant.
Device 2: A device fabricated by dressed-photon assisted
annealing. (To do so, during annealing with the forward
bias current, the device was irradiated with laser light hav-
ing a photon energy hν = 3.05 eV (λ = 407 nm) lower
than the bandgap energy of ZnO (3.4 eV), from the ITO
electrode side.)
The forward bias current density for annealing both de-
vices was made as high as possible without causing thermal
destruction of the device, namely 0.22 A/cm2. For Device 2,
the irradiation power was set as high as possible without
causing the crystal temperature to rise, namely, about 1/10
of the input power, or about 2.2 W/cm2. Figure 2(a) shows
a thermographic image of the surface of Device 2 about 1
minute after commencing annealing. Figure 2(b) shows the
change in surface temperature with time at the center of the
device. The surface temperature rose to 100 ◦C when an-
nealing commenced, and then dropped, reaching a constant
temperature of 74 ◦C after about 60 minutes. This tempera-
ture drop was caused by the generation of dressed photons as
annealing progressed, bringing about stimulated emission,
and by part of the electrical energy added to produce Joule
heating being dissipated in the form of optical energy. To
confirm this stimulated emission effect, Fig. 2(c) shows the
results of measuring the change in surface temperature with
time for another identical sample of Device 2, when the ir-
radiated light power was turned on and off every 5 minutes.
The temperature during light irradiation dropped, confirm-
ing the stimulated emission effect.
4 Device characterization
Based on the results in Fig. 2(b), we fabricated the two de-
vices described above via dressed-photon assisted annealing
for 60 minutes.
First, the characteristics of Device 1 will be described.
The three curves in Fig. 3(a) are EL emission spectra of
Device 1 at room temperature. These spectra are formed
of a high-intensity, narrow-band emission component in the
ultraviolet region close to a wavelength of 382 nm and a
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Fig. 2 Surface temperature of ZnO crystal annealed while being ir-
radiated with light, showing (a) surface temperature distribution one
minute after commencing annealing; (b) change in surface tempera-
ture with time at center of crystal surface; and (c) change in surface
temperature with time at center of crystal surface when laser irradia-
tion during annealing was turned on and off every 5 minutes
low-intensity, wide-band emission component in the visi-
ble region above 490 nm. The former is attributed to the
band edge transition in ZnO, and the latter is attributed
to emission from defect levels [24]. The emission from
the defect levels is not related to the dressed-photon as-
sisted process in the case of Device 2, described below,
and depends on the substrate quality. In other words, from
these spectra, the emission from Device 1 was confirmed
to be mainly due to the band edge transition. As shown in
Fig. 3(b), the I–V characteristic of this device showed the
same rectifying properties as an ordinary diode, confirming
Fig. 3 Characteristics of Device 1, showing (a) EL emission spectra
and (b) I–V characteristic
that a suitable p–n homojunction was formed by the anneal-
ing.
Next, the characteristics of Device 2 will be described.
EL emission spectra of Device 2 at room temperature are
shown by the three curves A, B, and C in Fig. 4(a). Curves
A, B, and C show the results obtained with forward bias
currents of 10 mA, 15 mA, and 20 mA, respectively. The
emission peak wavelength of curve A was 393 nm, which is
attributed to the band edge transition, similar to the case of
Device 1 (Fig. 3(a)). Comparing curves B and C with curve
A, the spectral centroid of the emission spectrum of Device 2
shifted to the long wavelength side as the forward bias cur-
rent was increased. However, this shift was not attributed
to a change in the bandgap energy induced by Joule heat-
ing [25], because the emission peak attributed to the band
edge transition in Device 1 did not show this kind of shift.
Furthermore, as shown in the inset, the emission (arrow C1)
attributed to the band edge transition, although weak, was
also found in curve C (20 mA). Therefore, we can ignore
the long-wavelength shift of the emission spectra attributed
to Joule heating at forward bias currents in the range of 10–
20 mA. Attributing this long-wavelength shift to stimulated
emission driven by dressed photons, not Joule heating, is ex-
plained as follows.
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Fig. 4 Characteristics of
Device 2. (a) EL emission
spectra, where curves A, B, and
C are for forward bias currents
of 10, 15, and 20 mA,
respectively. Inset is a magnified
view of curve C around the
photon energy corresponding to
the band edge transition. Arrows
B1, B2, and B3 show the
positions of the peak and two
bumps in curve B, respectively.
Arrow C1 in the inset shows the
position of a bump in curve C.
Arrows C2 and C3 show the
positions of the peak and a
bump in curve C, respectively.
(b) Diagram for explaining
transitions involving phonons
during light emission
A dressed-photon assisted process is involved not only
in the device fabrication described in Sect. 3 but also during
device operation. Light emission during LED operation, like
the stimulated emission process during annealing (Fig. 1),
is attributed to a two-step transition, i.e., from |Eex; el〉 ⊗
|Eexthermal;phonon〉 to |Eg; el〉 ⊗ |Eex;phonon〉 (the pink ar-
row at ② in Fig. 4(b)) and from |Eg; el〉 ⊗ |Eex;phonon〉 to
|Eg; el〉⊗|Eex′ ;phonon〉 (the green arrow at ② in Fig. 4(b)).
Because the second-step transition is an electric-dipole–
forbidden transition, only dressed photons are emitted, and
these dressed photons are scattered by the inhomogeneous
N dopant concentration and are converted to propagating
light. The photon energy of the emitted dressed photons is
determined by the photon energy of the light radiated dur-
ing annealing (3.05 eV, wavelength 407 nm). This is because
the N dopant concentration distribution is formed in a self-
organized manner by the dressed-photon assisted annealing
described in Sect. 3, with the result that, in Device 2, a tran-
sition via the intermediate phonon level corresponding to the
photon energy of the irradiation light easily occurs. There-
fore, in curve B in Fig. 4(a), the peak photon energy of 3.03
eV (409 nm; arrow B1) is the same as the photon energy of
the irradiation light.
On the other hand, the photon energy of light gener-
ated in the first-step transition is given by the energy differ-
ence between |Eex; el〉 ⊗ |Eexthermal;phonon〉 and |Eg; el〉 ⊗
|Eex;phonon〉. Comparing the blue arrow at ① in Fig. 4(b)
and the green arrow at ② in Fig. 4(b), this photon energy
is 0.20 eV. (The blue arrow at ① represents the band edge
transition of ZnO, whose energy is 3.25 eV (382 nm) ac-
cording to Fig. 3(a).) This first-step transition is an electric-
dipole-allowed transition; however, because the occupation
probability of such high-energy phonons is low, propagat-
ing light is not emitted, and only dressed photons, which
can couple with multimode coherent phonons, are gener-
ated. In addition, when the stimulated emission driven by
the dressed photons emitted in the first-step transition is re-
peated one more time and two more times, new intermedi-
ate phonon levels |Eg; el〉 ⊗ |Eex′′ ;phonon〉 (③ in Fig. 4(b))
and |Eg; el〉 ⊗ |Eex′′′ ;phonon〉 (④ in Fig. 4(b)) are formed
whose eigenenergies are lower by amounts corresponding
to an integer multiple of the photon energy of the dressed
photons. Thus, the energies of the photons emitted via these
new intermediate phonon levels are lower by amounts cor-
responding to the energy of the dressed photons emitted in
the first-step transition (0.20 eV). In the case of ③ and ④,
these photon energies are 2.85 eV (435 nm) and 2.65 eV
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Fig. 5 Dependence of EL emission intensity on forward bias current.
Curves A and B show Devices 1 and 2, respectively
(468 nm), respectively, as shown by the yellow arrow and
the red arrow in Fig. 4(b). These are similar to the emis-
sion peaks measured in the conventional optical transition
of bulk ZnO crystal, which are an integer multiple of the LO
phonon energy (72 meV) [24]. However, unlike the conven-
tional optical transition, in the transition driven by dressed
photons, the energy that is exchanged is an integer multiple
of the energy determined by dressed-photon phonons among
the multiple phonon modes involved, rather than a material-
specific phonon mode. The slope of curve B (forward bias
current of 15 mA) shows two bumps (arrows B2 and B3 in
curve B), whose positions were found to be 2.84 eV (436
nm) and 2.64 eV (470 nm), respectively, by the curve fitting
based on the second-derivative spectroscopy method [26].
These agree well with the photon energies indicated by the
yellow and red arrows at ③ and ④ in Fig. 4(b). In addition,
curve C (20 mA) also shows a peak (arrow C2) and one
bump (arrow C3) at 2.84 eV (436 nm) and 2.63 eV (471
nm), respectively. These also agree well with the photon en-
ergies indicated by the yellow and red arrows at ③ and ④ in
Fig. 4(b).
Light emission via the intermediate phonon levels occurs
not only due to single- or two-step stimulated emission at ③
and ④ in Fig. 4(b) but also due to multistep stimulated emis-
sion, therefore, when the forward bias current is increased,
the emission intensity at the low-energy side also increases,
which explains the long-wavelength shift in Fig. 4(a). Note
that the emission intensity due to the band gap transition in
curve B is small; this is attributed to the fact that the transi-
tion ① involving stimulated emission is faster than the tran-
sition ② involving only spontaneous emission, because elec-
trons in the conduction band for stimulated emission relax to
the intermediate phonon level.
To compare the performance of Devices 1 and 2, curves
A and B in Fig. 5 respectively show how the optical output
power of the two devices depended on the forward bias cur-
rent. The optical output power was obtained by integrating
the curves A, B, and C in Fig. 4 in the wavelength range
350–600 nm. For curve B, at the forward bias current of 20
mA (current density 0.22 A/cm2), the optical output power
from Device 2 was 6.2 µW, which was about 15 times higher
than the optical output power from Device 1, shown in curve
A. The external quantum efficiency was 1.1 × 10−4.
From the above results, we showed that dressed-photon
assisted annealing, which has been used for fabricating
indirect-bandgap semiconductor optical devices, is effective
even for direct-transition semiconductors. At present, the
maximum forward bias current that can be injected is deter-
mined by the thermal destruction limit of the device. There-
fore, it should be possible to achieve further increases in the
optical output power and emission efficiency by improving
the electrical and thermal properties of the bulk ZnO crystals
to be used.
5 Conclusion
We succeeded in fabricating a light-emitting diode having a
p–n homojunction structure by applying dressed-photon as-
sisted annealing to an n-type ZnO crystal doped with N ions
by ion implantation. The device showed good EL emission
characteristics at room temperature. Specifically, annealing
was achieved by Joule heating alone, without irradiating the
device with light, activating the N dopant. The emission
peak wavelength of the fabricated device was 382 nm. As for
the device fabricated by dressed-photon assisted annealing
while radiating light, the emission peak wavelength at a for-
ward bias current of 20 mA was 436 nm, the optical output
power was 6.2 µW, and the external quantum efficiency was
1.1 × 10−4. The emission spectral profile was found to be
dependent on transitions from intermediate phonon states.
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